Reduced prestressing and degradation of prestressing tendons in concrete containment vessels were investigated using finite element analysis of a typical prestressed containment vessel. The containment was analyzed during a loss of coolant accident (LOCA) with varying levels of prestress loss and with reduced tendon area. It was found that when selected hoop prestressing tendons were completely removed (as if broken) or when the area of selected hoop tendons was reduced, there was a significant impact on the ultimate capacity of the containment vessel. However, when selected hoop prestressing tendons remained, but with complete loss of prestressing, the predicted ultimate capacity was not significantly affected for this specific loss of coolant accident. Concrete cracking occured at much lower levels for all cases. For cases where selected vertical tendons were analyzed with reduced prestressing or degradation of the tendons, there also was not a significant impact on the ultimate load carrying capacity for the specific accident analyzed. For other loading scenarios (such as seismic loading) the loss of hoop prestressing with the tendons remaining could be more significant on the ultimate capacity of the containment vessel than found for the accident analyzed. A combination of loss of prestressing and degradation of the vertical tendons could also be more critical during other loading scenarios.
Acknowledgment
The U.S. Nuclear Regulatory commission (NRC) sponsored this research program. The author acknowledges the contributions of others who were instrumental in the development of this research. Jeffery L. Cherry was the principal investigator at Sandia National Laboratories for the Degraded Containments Program for the majority of the time this work was being completed and helped initiate the scope of the work. Herman Graves, Wallace Norris, and James Costello, all of the NRC, also made significant contributions toward project development. Tables   Table 2- 
Contents

Introduction
Prestressed concrete containments have numerous potential degradation sites. The concrete can degrade, and prestressing tendons, reinforcing bars, and the liner can corrode. A previous study by Cherry and Smith (2001) examined liner degradation of steel and concrete containments. The following study examines a typical prestressed concrete containment with degradation of prestressing levels during a loss of coolant accident (LOCA). Although concrete reinforcing bar degradation is a potentially serious condition, that accident scenario is beyond the scope of this project.
Regulations require that the prestressing tendons of the containment be inspected at 1, 3, and 5 years after the initial structural integrity test and every five years thereafter (Nuclear Regulatory Commission [NRC], 1990) . Inservice inspections have found degradation of tendons. Therefore, there is a need to determine the impact degraded tendons have on the performance of the containment.
Degradation of prestressing can result from corrosion of the tendons, corrosion of the tendon anchor and/or degradation of the concrete at the anchor, stress relaxation of the prestressing steel, and from effects of high temperatures near the tendons. In addition to general corrosion, the tendons are also susceptible to pitting, stress corrosion cracking, and hydrogen embrittlement.
Stress corrosion cracking occurs when there is the combination of high tensile stress, susceptible material, and an aggressive environment. Hydrogen embrittlement (also referred to as hydrogenassisted cracking) occurs when hydrogen is absorbed within the metal and interacts with defects in the steel, creating a loss of ductility. Hydrogen can be introduced into the steel during fabrication or as a byproduct of corrosion. Shah and Hookham (1998) offer more detailed descriptions of each of these degradation types. Shah and Hookham (1998) discuss tendon corrosion from hydrogen embrittlement, general corrosion, and stress corrosion cracking detected in a number of plants. They concluded that corrosion has resulted of water accumulating at the lower ends of the vertical tendons in the area of the anchorage, and poor construction practices. Tendons that have been stored on site for long periods with no protection or that have not been properly protected once installed, but prior to the application of permanent corrosion protection, can have degradation. Ashar et al. (1994) also discuss findings of containments with lower than expected prestressing levels. In one case, several hoop tendons' prestressing levels measured at three years after posttensioning were lower than levels predicted to occur after 40 years. Also, vertical tendons were found with excessive loss of prestressing during inspections that occurred about 13 years after post-tensioning. Ashar et al. (1994) suggested that contributing factors were improper calibration of the jacks during the initial post-tensioning, higher than expected assumed losses, and failures in quality control.
An information notice released by the NRC (1999) discusses degradation of prestressing tendon systems in prestressed concrete containments at two plants: one from broken wires, the other from anchor-head failure). The lower than expected prestressing levels from higher than expected average temperatures around the tendons are also considered (NRC, 1999) . Norris et al. (1999) discuss the possibility that the actual minimum force in the tendons may be lower than that calculated from the anchorage force, implying that the time-dependent losses along a tendon length could be higher than at the end anchorages. Steinberg (1995) gives numerical examples that show the variability of the prestress losses exceeds the losses calculated by deterministic methods. Therefore, "tendon degradation," whether from actual degradation of the tendon, lower than expected prestressing levels, or higher than expected prestressing losses, should to be investigated. Shah and Hookham (1998) stated that prestress losses detected at the 20-and 25-year tendon inspections exceeded those predicted for 40 years. One of their main concerns is that loss of prestress is loss of load-carrying capacity of the containment.
The following study examines how much load-carrying capacity is lost and how the level of loss and pattern of degraded tendons affects the loss of capacity. This study examines the effects of tendon degradation on the ultimate load-carrying capacity of the containment under a LOCA accident. A typical pressurized-water reactor (PWR) prestressed concrete containment was examined using finite element (FE) analysis with postulated tendon degradation. The containment modeled is similar to the Zion nuclear power station containment. The dimensions, liner thickness, reinforcing bars' spacing and size, prestressing tendon spacing and sizes, were all taken from structural drawings of the containment at the Zion containment. However, the level of tendon degradation and locations of tendon degradation were chosen independent of any known degradation in the containment at the Zion nuclear power station.
Finite Element Model
A schematic of the typical prestressed concrete containment modeled in the finite element (FE) analysis is shown in Figure 2 The ABAQUS finite element code (ABAQUS, 1997) was used in the analysis. ABAQUS, a general-purpose finite element code, provides the option to use external material models. In this study the behavior of the concrete material was modeled using ANACAP_U (ANATECH Corp., 1997) . This material model uses the smeared-crack approach (Rashid, 1968) to model the cracking concrete. Details of the concrete material model can be found in Appendix A of James et al. (1999) Symmetry conditions were used to reduce the model to a 30° segment of the containment. This segment runs from the centerline of one of the six buttresses to half the distance between two of the buttresses. To simplify the model, the equipment hatch was not modeled. Figure 2 -3 shows the finite element 3D mesh. 20-node brick elements were used to model the concrete, and 8-node shell elements were used to model the liner. The liner was attached to the concrete at the common nodes. The hoop and dome tendons were modeled as reinforcing bars and, thus, in the model they are bonded to the concrete. The vertical tendons were modeled using truss elements and are attached at four points along their lengths (i.e., see Figure 2 -3). These vertical tendons are not bonded to the concrete, except at attachment points. Springs were used on the base of the model to allow uplift at the basemat. 
Material Properties
The liner material properties used in the FE model were for A516 Grade 60 steel. The true stressstrain curve is shown in Figure 2 -4. This curve was developed by using a mean value of engineering yield and ultimate stress from test data obtained from the containment liner at the Sequoyah nuclear power station. The curve was developed to be proportional to curves for A516 Grade 70 steel tested at 22°C (Fatigue Technology, Inc., 1988) . Engineering stress and strain val Arrows indicate approximate location of vertical tendon attachment.
ues were converted to true stress and true strain, which are required by the FE code to define plastic material properties. Table 2 -1 shows material properties used for the concrete. These values are the as-built material properties of the concrete in the base slab and above the base slab from Butler and Fugelso (1982) . The material properties for reinforcing bars and prestressing tendons were taken from Weatherby (1988) 1 and are shown in Table 2 
Loading
The FE model was loaded with a quasi-static internal pressure that increased monotonically. During many postulated accidents, the pressure is caused by water turning into steam. The saturated steam temperature-pressure relationship is shown in Figure 2 -5. The pressure load applied to the FE model is applied as described by this curve.
Although many possible accident scenarios exist and are important near design pressures, for the calculation of ultimate capacity of the containment under internal pressure, the thermal loads do not have a significant effect. The effects of thermal loads on the liner strains are dissipated as the concrete cracks and reinforcing bars yield. Therefore, for this study the thermal loads were ignored. 
Failure Criteria
The primary mode of failure considered for the containment in this study is liner leakage. Although, tendon and reinforcing bar failure could lead to a liner or structural failure, a quantitative model to incorporate the loss of ductility because of general corrosion, stress corrosion cracking, and hydrogen embrittlement of these components was not developed. The liner is expecte to leak before tendons or reinforcing bar failure.
A literature review of corroded tendons was conducted to investigate whether the loss of ductility of degraded tendons could be quantified. Numerous references were found on degraded tendons. However, only a few offered quantitative data on the reduction of ductility. For corroded highstrength bridge wire, Barton et al. (2000) found a significant embrittlement and a degradation of the ultimate load that was in excess of what could be attributed to the loss of section. For ungalvanized wire, the strain at ultimate load decreased by 40% from the uncorroded condition to the specimen with the maximum corrosion exposure time. In addition, Lopes and Simões (1999) found that for prestress strands the number of bends for a reverse-bend test were reduced by as much as 50% for corroded specimens. Finally, Vehovar et al. (1998) found that for corroded tendon specimens removed from an actual motorway viaduct, the elongation went from approximately 6.0 to 2.0%. In addition, the number of bends in a reverse-bend test went from approximately 3.5 down to fewer than 1. The authors attributed this loss of ductility to stress corrosion cracking.
There is some disagreement in the literature about whether stress corrosion cracking and hydrogen embrittlement will lower the failure stress significantly. Cherry and Price (1980) suggested that hydrogen only assisted in the initiation of failure and that the failure would occur at nearly the ultimate tensile strength of the material. However, Parkins et al. (1982) found that failures frequently occurred at stresses of 50% of the fracture stress. Parkins et al. suggested that the reasons for the differences between their work and that work of Cherry and Price was that the test strain rates were not the same, the specimens were corroded in different solutions, and the Cherry and Price specimens were not notched. Bergsma et al. (1977) present results for prestressing tendons subjected to a corrosive environment that had a reduction in the reverse-bend values of 40 to 80% for the degraded specimens. Their results show that the effect of hydrogen embrittlement can depend on the solution to which the specimens have been exposed. The authors suggest that the corrosive environments that the test specimens were subjected to are not necessarily realistic when compared to actual environments; therefore, the results cannot be used in service life predictions. However, the results show a strong influence of hydrogen embrittlement on the ductility of the prestressing tendons and that the failure levels can be considerably below the ultimate tensile strength of the tendons.
The research suggests that corrosion does cause a loss of ductility in the prestressing tendons. However, it is not always clear whether the loss of ductility is due to general corrosion on the surface of the tendons or due to hydrogen embrittlement or stress corrosion cracking. In the previous study of degraded liners by Cherry and Smith (2001) , the degraded liner was considered to have the same properties as uncorroded material. This assumption was considered reasonable for low-strength low carbon steels. The degradation was accounted for with a loss of section ac companied by a loss of ductility. However, for cases of stress corrosion cracking and hydrogen embrittlement (such as can be found in high strength steels, such as prestressing tendons), the degraded material does not have the same properties as the undegraded material. The degraded material will have a decrease in ultimate load-carrying ability along with a loss of ductility (and not necessarily a loss of section). Therefore, for prestressing tendons, a strain-based failure criterion considering a loss of section with a loss of ductility would be inadequate. Also, the failure of a tendon anchor could not be accounted for with this criterion because in these analyses the anchorage is not modeled explicitly.
In this study, the prestressing levels were lowered to simulate degraded tendons. The strains in the tendons were examined but were not included in a failure criterion. The influence that failed tendons or lower than expected prestressing levels has on the containment capacity was investigated by examining liner failure.
Determining failure of the containment requires monitoring the liner, reinforcing bars, and tendons closely. The FE analysis does not predict reinforcing bar, tendon, or liner failure. The results must be post-processed to determine whether and when a failure occurs.
A strain-based failure criterion was selected and applied to the liner. The failure is predicted to occur when the calculated strains exceed a critical value. Researchers such as Hancock and Mackenzie (1976) , Mackenzie et al. (1977) , and Mangoine (1982) have shown that the critical failure strain varies as the stress state changes and that this strain can be related to the stress state.
The failure criterion applied to the liner in this study is the same as that applied by Cherry and Smith (2001) and uses "knockdown" factors to adjust uniaxial failure strain data to a failure value. There are three knockdown factors that have been considered and applied. The three factors are consistent with a previous study by Miller (1990) .
The critical effective plastic strain at which failure is predicted to occur is determined as follows:
e failure = e uniaxial * f 1 * f 2 * f 3
where, e failure = effective plastic strain level where failure is predicted to occur.
e uniaxial = strain at failure from a uniaxial tensile test. The relationship for the first "knockdown" factor is from Hancock and Mackenzie (1976) . The factor is determined from the analyses and relates the triaxial state of stress to the failure strain.
The second factor accounts for how much detail is incorporated in the FE model. For example, the element size in the mesh and missing structural details in the model affect the accuracy of the FE prediction. This factor approaches 1.0 as the mesh size becomes small and includes all the structural details. The value chosen in this study was determined by reviewing the detail included in the FE model in the critical failure region, and analytical results such as the strain gradient in the critical region.
The third factor accounts for variability in the material properties. Since the liner material is the same as that used by Cherry and Smith (2001) , the same value for the f 3 factor was used for the liner. This value was chosen from the variation in the material properties found for tensile tests of the liner material. It was found that the elongation for the material varied from the mean by 22%.
In the previous study by Cherry and Smith (2001) knockdown factors were chosen for the lowerbound, best estimate, and upper-bound cases. However, in this study, only lower-bound estimates of the knockdown factor were used. This approach was chosen because it was thought that the failure criteria were not accurate predictors of a failure pressure but were the best option for a failure indicator and comparative examination of the impact degradation has on the liner stress state.
There are several shortcomings of the failure criteria with respect to this study. The FE model does not include details of the liner-to-concrete attachments. This is the likely location for a liner leakage failure. The failure criteria were not applied to the tendons or reinforcing bars, and cannot account for stress corrosion cracking or hydrogen embrittlement. Therefore, a low value for the knockdown factor for analysis sophistication must be chosen, and a reasonable upper-bound value would be difficult to choose.
These failure criteria allow only a study of the impact that lowering prestressing levels has on the triaxial state of stress in the global liner behavior, whereas the actual failure is likely governed by the triaxial state of strain at a local discontinuity. Also, this failure controlling discontinuity is likely influenced by a global deformed shape of the containment vessel, which can be accurately predicted only by a 3D model of the complete containment, including at least the major penetrations. The triaxial state of stress examined by the failure criteria in this study is an indicator of conditions where a local liner discontinuity could become critical. As a result, the failure indicator suggests conditions that would be more receptive to a failure. Thus, it is a measure of relative likelihood of failure and a good tool for examining the relative impact varying degrees of "degradation" have on the containment's ultimate load-carrying capacity.
Values were chosen for two knockdown factors: f 2 = 0.2 and f 3 = 0.78. It should be emphasized that these values are based on engineering judgment and, therefore, depend on the analyst setting up the model. For example, some analysts may use a different material property factor value to account for affects of seasonal temperature changes or concrete creep. The intent is that the analysts consider each of these areas and determines an overall failure limit that is reasonable.
The American Society of Mechanical Engineers (ASME) code (ASME, 1992) gives a minimum uniaxial failure strain for elongation in a 20.3 mm (0.8 in.) gage length as 21% for ASTM A516 Grade 60 steel. Therefore, a value of 0.21 was used for e uniaxial .
Finite Element Runs and Results
Finite Element Runs
Tendon prestressing levels were varied as shown in Table 3 -1 to investigate the effect that tendon degradation has on the ultimate capacity of the containment. To limit the scope of the analyses only the wall tendons were varied (except for one case of uniform degradation throughout the containment). The finite element (FE) model was analyzed, and the ultimate load-carrying capacity of the containment was evaluated by applying the failure criteria as described previously. Degradation was modeled by decreasing the level of prestressing (reduction of the tendon area was implemented only in Cases 9b and 15b).
Case 1 is the baseline failure case (no tendon degradation). Case 2 examines an incident where all the tendons have lower than expected prestressing levels (e.g., prestress loss due to higher than expected average temperature around the tendons). Cases 3 and 4 examine uniform tendon prestress loss for the hoop and vertical tendons respectively.
The cases examined allow an investigation of the ultimate load-carrying capacity of the containment with prestress loss during a loss of coolant accident (LOCA). A comparison of a group of degraded tendons located together versus degraded tendons that are distributed throughout the containment is possible. Also, a relative comparison of the hoop and vertical tendons can be made. Finally, a comparison of a 5% and 10% prestressing loss can be made to examine how the ultimate failure pressure of the containment changes with prestress loss.
There are 555 hoop tendons anchored at the six vertical buttresses in the containment vessel. This results in 185 hoop tendon rows along the height of the containment. For simplicity, all tendons were modeled as if they passed through the buttress. In the actual containment, the tendon rows would alternate between being anchored at the buttress and passing through the buttress to be anchored at the next buttress. The percent of tendons degraded is a percentage of these 185 hoop tendon rows. For the cases in this study, 5% hoop tendon degradation has 9 tendon rows degraded. For the 10% and 20% cases there are 19 and 37 tendon rows degraded, respectively.
There are 216 vertical tendons in the containment vessel. It was decided that the 30°segment of the model using symmetry was an accurate representation of a 60° segment of the complete containment. The hoop tendons span 120° segments of the containment (3 hoop tendons per tendon rows), while a vertical tendon has a tributary area of 1.67°. Therefore, the percentages listed in this study in regard to the vertical tendons are calculated from the number of tendons in a 60°s egment of the containment (216/6 = 36). Thus, when 10% of the vertical tendons are degraded this means four of the tendons were degraded and for the 20% case 8 tendons were degraded. More precisely, this would result in 11.1% and 22.2% of the tendons degraded. The analysis cases listed in Table 3 -1 allow a number of comparisons to be made to gain insight into how prestressing loss can impact the ultimate load-carrying capacity of a containment vessel. The general categories of comparisons are as follows:
1. Uniform degradation (all, vertical, and hoop tendon) versus the baseline (no degradation case). (Cases 2, 3, and 4, versus Case 1.)
2. 100% loss of prestressing (tendons remain) versus 100% loss of prestressing (tendons removed). (Case 5a versus 5b.)
3. Vertical tendon comparisons:
a. 10% of tendons degraded 100% versus 20% of tendons degraded 50% (Cases 6 versus 7 and 8 versus 9a).
b. Degraded tendons grouped versus distributed (Case 6 versus 8 and 7 versus 9a).
c. Loss of area versus loss of prestress (Case 9a versus 9b).
Hoop tendon comparisons
a. 5% of tendons degraded 100% versus 10% of tendons degraded 100% (Cases 5b versus 13 and 11 versus 14), 10% of tendons degraded 50% and 20% degraded 50% (Case 10 versus 15a).
b. 5% of tendons degraded 100% versus 10% degraded 50% (Cases 5b versus 10 and 11 versus 12) and 10% degraded 100% versus 20% degraded 50% (Case 13 versus 15a).
c. Degraded tendons grouped versus distributed (Cases 5b versus 11, 10 versus 12, and 13 versus 14).
d. Loss of area versus loss of prestress (Case 15a versus 15b).
Hoop versus vertical tendon degradation.
These comparisons provide insight into the importance of uniform prestressing loss and degradation, prestressing loss versus loss of tendons, vertical tendon loss versus hoop tendon loss, and the influence of loss level versus ultimate load-carrying capacity of the containment.
Results
Tables 3-2 through 3-4 list results for the cases shown in Table 3 -1. Each table gives the pressure at which the concrete reaches zero stress, the concrete cracks, reinforcing bars (rebars) yield, tendons yield, liner yields, and an ultimate failure pressure calculated using the failure criterion discussed earlier. Table 3 -2 lists the results for the baseline and uniform degradation cases. Table 3-3 lists the results for the vertical tendon cases, and Table 3 -4 lists the results for the hoop tendon cases. 
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Concrete
Results in Terms of Ultimate Capacity
The baseline no degradation case resulted in a calculated failure pressure of 1.01MPa (146 psi).
As the results listed in Table 3 -2 show, there is no significant influence on the calculated failure pressure when there is a 17.5% reduction in the prestressing levels. The reduction of prestressing levels has influence when the concrete reaches zero stress, cracks, and when the rebar and liner yield. However, there is little influence on the pressure at which the tendons yield.
Cases 5a and 5b (Table 3-4) were run to compare the cases of complete loss of prestressing versus loss of the tendons. In case 5a, 5% of the tendons do not have any prestressing. In case 5b, 5% of the tendons are completely removed. The tendons in case 5a can still behave as reinforcing bars. Case 5a experiences a very small decrease in calculated failure pressure. However, case 5b does show a 9% decrease in calculated failure pressure. Therefore, the case with the ten dons removed (as if broken) was considered the critical case. Based on these results, this method was selected for use in the remaining 100% degraded cases.
Cases 6, 7, 8, 9a, and 9b (Table 3-3) were run to examine cases simulating degradation in the vertical tendons. As can be seen from the resulting calculated failure pressures (Table 3-3) , degradation of the vertical tendons did not have a significant effect on the failure pressure for this LOCA condition. Thus, degrading the prestressing levels by 10% (either 10% degraded 100% or 20% degraded 50%) or reducing the area of 20% of the vertical tendons by 50% did not lower the calculated failure pressure.
Reduction of the prestressing or degradation of the hoop tendons showed a greater influence on the calculated failure pressure for the LOCA condition. Results of these analyses are shown in Table 3 -4.
Removing 5% of the hoop tendons resulted in a decrease in the calculated failure pressure by approximately 9% while removing 10% resulted in a decrease in the calculated failure pressure by approximately 22%. However, when the prestressing levels were reduced by 50%, in either 10% or 20% of the hoop tendons, there was no significant impact on the calculated failure pressure. Therefore, a comparison of the cases where the hoop tendons were removed to those cases where the prestressing levels were only reduced shows that removing the tendons is much more significant.
Comparing cases 5b versus 11, 10 versus 12, and 13 versus 14, shows the significance of grouped versus distributed tendons. In all these cases, there is not a significant difference between the grouped and distributed tendons. Because the cases where the tendons were not removed have little effect on the calculated failure pressure (such as cases 10 and 12) this comparison likely should not be considered. In the other two comparisons where the tendons were degraded 100% (and removed), the grouped cases resulted in approximately 2% lower failure pressure.
The final comparison that was made for the degraded hoop tendon cases examined reducing the area of the tendon (keeping the prestressing level the same) and reducing the prestressing. The cases examined had 20% of the hoop tendons degraded 50% (Case 15a) compared to 20% of the hoop tendons with a 50% reduction of area (Case 15b). The case with the prestressing reduced to 50% showed only a 1.5% reduction in calculated failure pressure (which is consistent with other cases where the tendons were not removed), while the case where the area was reduced 50% showed nearly a 30% decrease in the calculated failure pressure.
When reviewing the impact on the calculated failure pressure in the cases where the tendons were removed (as if broken), there is a significant finding. When the tendons remained, and had load carrying capacity, there was not a significant impact on the calculated failure pressure. Reducing the tendon area while keeping the prestressing levels constant, also had a significant impact on the calculated failure pressure.
Other Trends
Failure pressure as calculated for this study is significant, especially when considering design margin and the ultimate capacity of prestressed containment vessels. However, it is not the only measure of containment behavior. Concrete cracking, rebar, liner, and tendon yielding, are also significant factors.
The pressure values reported in Tables 3-2 through 3-4 for the concrete reaching zero stress, concrete cracking, rebar yielding, and hoop tendons yielding were for locations in the model where the stress values were recorded for calculation of the failure criteria. This is the location where the highest liner stresses were found near completion of the FE calculations. The values reported for the yielding of the vertical tendons were at the location of the highest tendon stresses.
In general, these results show that the concrete will reach zero stress and crack sooner in the directions that the tendons loose their prestressing. For the cases shown in Tables 3-2 through 3-4, where there was uniform degradation (and no tendons were removed, only prestressing reduced), the pressure at which the tendons and rebar yield did not change significantly from the baseline case.
The failure locations of these models were not at concentrated locations. In general they were at approximately the mid-height of the cylinder wall. As the results in Tables 3-2 through 3-4 demonstrate, even though the concrete reaches zero stress, concrete cracks, rebar, tendons, or liner yield, at a lower pressure, it does not necessarily result in a lower calculated failure pressure. The stresses can redistribute prior to reaching critical levels.
Observations
It is important to reiterate that the analyses conducted for this study are best viewed as a relative comparison of the impact of reduced prestressing or degraded tendons on the ultimate loadcarrying capacity of the containment vessel. Accurate failure prediction would require a more detailed analysis. Also, it is important to remember that the containment is designed for many more loading conditions than just a LOCA. From this study's results, it would appear that the vertical tendons have very little influence on the ultimate capacity of the vessel. However, for other loading conditions, such as seismic, the vertical tendons could have much more significant.
To verify that the tendons were not failing prior to the predicted failure of the liner, the strains in the tendons were examined relative to the predicted failure pressure from the failure criteria. Even in cases where tendons were removed, the remaining tendons were not at strain levels where failure was considered likely. However, if there were hydrogen embrittlement or stress corrosion cracking, the remaining tendons might fail at much lower strains. As discussed earlier, the failure criteria used in this study did not account for this type of phenomenon.
The model used in these analyses was a simplification of an actual structure. The vertical tendons did not account for friction, while the hoop tendons were modeled as rebar (bonded continuously to the concrete). The connections between the liner and the concrete were not included in the model.
If a containment vessel does not uniformly displace as pressure increases, strains likely will build up at one of the liner anchors. Therefore, this would be a likely location for a liner tear during a LOCA (in addition to penetrations or at material discontinuities, including welds). This FE model did not include either liner anchors or penetrations.
The pretest analysis of a 1:4-scale prestressed concrete containment vessel model (Dameron et al., 2000) found that frictional variation along the tendons and varying prestressing losses could significantly impact the deformed shape of a containment. The deformed shape will influence the strain build up at liner anchors. Therefore, for a FE model to more accurately predict the failure of the containment vessel, a method for incorporating this behavior must be included. When this 1:4-scale model was tested, the liner did fail at liner weld seams. 2 When a containment vessel globally deforms under a pressure loading, the liner anchors create strain discontinuities that can build up at regions such as the liner anchors or welds. The results from the 1:-scale model test supports the importance of accounting for these details in an FE model used to predict the ultimate load-carrying capacity of a containment vessel.
Conclusions
Despite some of the structural details that were not included in the finite element models, as discussed in previous sections, there are a number of conclusions that can bedrawn.
1. For the LOCA analyzed in this study, the vertical tendons did not have a significant impact.
2. The uniform reduction of prestressing (all tendons, vertical tendons, and hoop tendons) did not result in a significant change in failure pressure from the baseline case (although the concrete cracked at a lower pressure).
3. The cases when the prestressing was reduced to zero, but the tendons remained at full strength, did not result in a significant impact on the calculated failure pressure.
4. The cases where the hoop tendons were completely removed resulted in the most significant decrease in calculated failure pressure.
5. When the degraded tendons were grouped together (as apposed to being uniformly distributed), there was approximately a 2% lower failure pressure compared to cases where the degraded tendons were distributed.
A future study is planned to examine the degradation of containment vessels in a risk-informed methodology. The study will attempt to build upon what was learned in this and previous studies Smith, 2001, Cherry et al., 2001 3 ) to attempt an integrated assessment of containment degradation and review of the plant-licensing basis considering degradation as a temporary change in the plant-licensing condition.
